Abstract-The three-configuration in situ surface magneto-optical Kerr effect (SMOKE) system, which enables full vectorial analysis of magnetization for ultrathin magnetic films in a UHV chamber, has been developed. The system has been applied to in situ measurements of the three components of magnetization vector of Co films in an applied magnetic field at the thickness range of 5 6 ML, where the spin reorientation was found to occur. We observed contrasting vectorial magnetization reversal behavior dependent on the Co thickness: In particular, for 5.25 ML of Co, a slightly canted magnetization vector from the film normal rotates in the film plane under an applied field normal to the film plane.
I. INTRODUCTION
U NDERSTANDING of magnetization orientations in the ground state or during magnetization reversal motion is an important issue in magnetism so that investigation of the three dimensional (3D) magnetization vector is of great importance. Spin directions in different domains or layers of magnetic thin films are closely related with magnetic properties such as spinreorientation transition (SRT), giant magnetoresistance (GMR) and tunneling magnetoresistance (TMR), which are very interesting phenomena applicable to recent high-density information storage. SRT behavior has become one of the interesting subjects in ultrathin film magnetism because magnetic films having strong perpendicular magnetic anisotropy (PMA) are promising candidates for ultrahigh density recording media.
Ultrathin Co films exhibit an enhanced magnetocrystalline anisotropy (MCA) at the thickness range of a few monolayers caused by a broken symmetry at the surface [1] - [3] . The MCA is sufficient to overcome the demagnetizing energy of Co films and makes the spontaneous magnetization direction out-of-plane as the thickness decreases. The SRT behavior motivates us to develop a three-configuration in situ surface magneto-optical Kerr effect (SMOKE) system to investigate the vectorial direction of magnetization during magnetization reversal process, especially, in the thickness range of the spin reorientation transition of ultrathin films. The SMOKE is a premier technique for ultrathin magnetic film study because of a monolayer sensitivity and in situ implementation under ultrahigh vacuum (UHV) chamber [4] , [5] . It has been widely utilized for the investigation of magnetic properties such as magnetic anisotropy [6] , magnetic phase transitions [7] , and the SRT [8] - [10] . In our work, as a prototype, we investigate Co films grown on a Pd (111) single crystal. Vector nature of magnetization reversal process is clearly identified for 5-6 ML Co films, where SRT occurs from out-of-plane to in-plane.
II. EXPERIMENTAL
The experiments were carried out in an ultrahigh vacuum chamber with a base pressure of Torr, which was especially designed to permit three-configuration in situ SMOKE measurement and deposition at the same position without sample transportation. Co films were grown at room temperature on a single crystal Pd (111) substrate by e-beam evaporation with a deposition rate of 0.8 Å/min. The Pd (111) substrate was cleaned by several cycling of sputtering with Ar ion of a 1 keV energy followed by annealing at 900 K. A well-formed terrace structure of the Pd (111) surface was confirmed by STM study. Details of the SMOKE measurement system were described elsewhere [11] .
To investigate magnetization reversal of ultrathin Co films in the thickness range where SRT occurs, we measured in situ Kerr rotation and ellipticity with a sensitivity of 0.001 through phase-sensitive detection using a photoelastic modulator and crystal polarizers with extinction ratio of less than . The sample stage could be rotated 60 in the film plane with a precision manipulator, allowing various measurement geometries at different scattering planes. To obtain MOKE data needed for the complete analysis of the magnetization vector during magnetization reversal, MOKE signals were measured at three configurations, as depicted in Fig. 1: 1 ) two polar configurations in the and scattering planes with a magnetic field applied along the film normal; 2) longitudinal configuration in the scattering plane for the saturation longitudinal Kerr effect measurement obtained at an applied field parallel to the -axis much larger than the coercivity.
Recently, Simplified analytic expressions for MOKE in case that magnetic film has an arbitrary magnetization orientation and the probing light is obliquely incident to the film have been reported [12] , [13] . When the scattering plane is located in the plane, the complex Kerr effects for the p-and s-waves in the ultrathin limit, ( ) and ( ), are given as follows:
(1-a) (1-b) where , , , are the incident angle, complex refractive angles of the magnetic thin film and the nonmagnetic substrate, and the complex polar Kerr angle for normal incidence in the ultrathin film limit, respectively. Here, the incident angle is . The and are the components of the magnetization vector in the -and -directions, respectively, normalized by the saturation magnetization. In the case of scattering plane, can be replaced by . In general, , , and in (1) are sensitively dependent on the thickness and optical properties of a thin film; in situ determination of these values for a growing film is very difficult or at least requires another techniques such as in situ ellipsometry. However, it is not necessary to directly measure those values for our vectorial analysis of magnetization if the saturation values of Kerr rotations for each growing film can be obtained. All the magnetization components, , , and can be determined as follows:
where, denotes the saturation values of measured complex Kerr angles for the -polarization wave ( s-and p-waves) in -measurement configuration. Therefore, one can determine all the components of the magnetization vector during the reversal process using (2). 
III. RESULTS AND DISCUSSION
In order to investigate the magnetization reversal process in the transition region, we measured Kerr hysteresis loops of pand s-waves for two polar and one longitudinal configurations for , 5.25, and 6 ML as demonstrated in Fig. 2 . These data are necessary to determine magnetization components of the film during the magnetization reversal process. Three components of the magnetization vector are determined by putting the MOKE data shown in Fig. 2 in (2) .
The values of , , and as a function of an applied magnetic field are shown in Fig. 3 with 2D representations on the , , and planes. For a 5 ML Co film, an abrupt magnetization reversal is observed due to strong perpendicular magnetic anisotropy as seen in Fig. 2 . It is interpreted that multidomains of perpendicular magnetization are formed and switch via collective spin rotation near a coercive field. The magnetic field above 90 Oe easily saturates the magnetization along the field direction normal to the film plane as demonstrated by scattered data points around in the projection. For a 5.25 ML Co film, a complex reversal motion of magnetizations is observed, which itself demonstrates a powerful ability of 3D vector magnetometry using SMOKE. The magnetization vector on projection plane shows a spiral rotation along the applied field. The arrows indicate the direction of rotation. At high fields the two components are near zero since the film is saturated to the perpendicular direction. As the applied field decreases, the two components increase. The magnetization reversal process in plane is irreversible, but projection shows a reversible behavior under the magnetic field applied to the film normal.
In a 6 ML Co film, as seen in each projection plane, the magnetization reversal process takes place just on plane. As the applied field decreases from the saturation, component decreases while increases, which indicates an initial coherent rotation. Further decrease in the normal field forms multidomains of in-plane magnetizations, and the remanance of indicates imbalance of areas of opposite directions of magnetization along -axis. As the field increases along the negative -direction, wall displacement of in-plane domains reduces the component, and then reversible rotation of in-plane magnetizations follows toward perpendicular direction.
